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bstract
Nanocrystalline Zn0.95−xCo0.05AlxO (x = 0, 0.01, 0.05) diluted magnetic semiconductors have been synthesized by an auto-combustion method.
-ray diffraction measurements indicated that Al-doped Zn0.95Co0.05O samples had the pure wurtzite structure. X-ray absorption spectroscopy,
igh-resolution transmission electron microscope, energy dispersive spectrometer and Co 2p core-level photoemission spectroscope analyses
ndicated that Co2+ substituted for Zn2+ without forming any secondary phases or impurities. Resistance measurements showed that the resistance
alues of Co and Al codoped samples were still so large in the giga magnitude. Magnetic investigations showed that nanocrystalline Al-doped
n0.95Co0.05O samples had no indication of room temperature ferromagnetism.
2007 Elsevier B.V. All rights reserved.
ansm
d
b
i
b
b
t
w
n
Z
a
d
w
a
p
t
Weywords: Nanostructured materials; Chemical synthesis; X-ray diffraction; Tr
. Introduction
With charge and spin degrees of freedom in a single sub-
tance, diluted magnetic semiconductors (DMSs) have drawn
great deal of scientific attention in recent years as enabling
aterials in the emerging field of “spintronics” [1]. As one of
he best candidates, ZnO is a direct band-gap semiconductor with
hexagonal (wurtzite) crystal structure. According to the first-
rinciples calculations on the magnetism in ZnO-based diluted
agnetic semiconductors and materials design for ferromag-
etic DMSs, it is proposed that high Curie temperature (TC)
erromagnetic DMSs can be realized with ZnO-based DMSs
oped with V, Cr, Fe, Co or Ni. It is also proposed that the TC
f Fe-, Co- or Ni-doped ZnO could be raised by electron dop-
ng [2–4]. This has stimulated numerous experimental groups
o obtain room temperature (RT) ferromagnetic ZnO semicon-
uctors doped with transition metals. Regarding the magnetic
roperties of the Co-doped ZnO, different experimental results
ere obtained by different research groups. Using pulsed laser
∗ Corresponding author. Tel.: +86 21 69918482; fax: +86 21 69918607.
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A
i
e
I
s
g
f
925-8388/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2007.12.052ission electron microscopy; Magnetic measurements
eposition technique, Ueda et al. [5] reported a ferromagnetic
ehavior with TC higher than RT, whereas Jin et al. [6] found no
ndication of ferromagnetism for films grown by laser molecular
eam epitaxy. ZnO:Co thin films with RT ferromagnetism have
een synthesized on (0 0 1) Si substrates by pulsed laser deposi-
ion [7]. As for Co-doped ZnO polycrystalline, ferromagnetism
ith TC > 350 K was observed by Schwartz et al. in aggregated
anocrystals of Co2+:ZnO [8]. RT ferromagnetic nanocrystalline
n0.9Co0.1O powders have been synthesized by Maensiri et
l. [9] using polymerized complex method. However, no evi-
ence of magnetic ordering in Co-doped polycrystalline ZnO
as found down to T = 2 K [10]. It was demonstrated by Liu et
l. [11] that high-temperature ferromagnetism in Co-doped ZnO
owders can be obtained through increasing the carrier concen-
ration which was realized by doping a few percent of Al ions.
hile Alaria and his co-workers [12] reported that by adding
l ions in Co-doped ZnO using co-precipitation method could
ncrease the concentration of free carriers, but the magnetic prop-
rties showed no evolution and no evidence of ferromagnetism.
t was also reported by Naeem et al. that only Co-doped ZnO
amples annealed in the reducing atmosphere of the forming
as, that showed the presence of oxygen vacancies, exhibited
erromagnetism at RT [13]. Therefore, further investigations are
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Fig. 1. XRD patterns of Zn0.95−xCo0.05AlxO (x = 0, 0.01, 0.05) and ZnO poly-
crystalline powders.
Table 1
Summary of cell parameters and room-temperature resistance of
Zn0.95−xCo0.05AlxO (x = 0, 0.01, 0.05)
Sample a (A˚) c (A˚) Resistance (G)
Zn0.95Co0.05O 3.2521 (3) 5.2078 (10) 943
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eeded to figure out these discrepancies and confirm the origin
f ferromagnetism in ZnO based DMSs.
. Experimental
Nanosized Zn0.95−xCo0.05AlxO (x = 0, 0.01, 0.05) powder was synthesized
y an auto-combustion method. All chemicals used here were of analytical
rade purity. In a typical synthesis of Zn0.95−xCo0.05AlxO, the appropriate pro-
ortion of Zn(NO3)2·6H2O, Co(NO3)2·6H2O, Al(NO3)3·9H2O and C2H5NO2
glycine) were completely dissolved in a 1000-ml beaker to obtain 200-ml aque-
us solution. The aqueous solutions were then stirred for about 1 h in order to
ix the solution uniformly. Then the solution was evaporated on a hot plate
nder constant stirring. After the water was completely removed, the solu-
ion converted into a “gel”. The “gel” subsequently swelled into foam and
nderwent a strong self-propagating combustion reaction to give fine powder.
he structure of the fine powder was determined by X-ray powder diffrac-
ion analysis (XRD) with Ni-filtered Cu K radiation (Rigaku Corp.; 40 kV,
00 mA). X-ray absorption fine structure (XAFS) measurements with fluo-
escence modes were performed using synchrotron radiation at the National
ynchrotron Radiation Laboratory. The high-resolution transmission electron
icroscope (HRTEM, JEM-2010) and the energy dispersive spectrometer (EDS)
ere used to explore the microstructure and chemical components of the
esulting ceramic powders. The oxidation state of Co was examined by X-ray
hotoelectron spectroscopy (XPS) using a Thermo ESCALAB spectrometer
ith the Al K (1486.6 eV) X-ray radiation. The magnetic properties of the
owder sample were examined by the physics property measurement system
PPMS-9; Quantum Design). Resistance measurements of the pressed pellets
f Zn0.95Co0.05O, Zn0.94Co0.05Al0.01O and Zn0.90Co0.05Al0.05O were done on
odel 4200-SCS semiconductor characterization system using an I–V charac-
erization method.
. Results and discussion
X-ray powder diffraction patterns of Zn0.95−xCo0.05AlxO are
hown in Fig. 1. The diffraction pattern without any doping can
e identified as the wurtzite structure of ZnO. After Co and
l co-doping, the diffraction patterns of Zn0.95−xCo0.05AlxO
how the same peaks, which indicates that the wurtzite struc-
ure is not disturbed by Co and Al co-doping. To further check
ow Al doping concentration influences the structural prop-
rties of Zn0.95Co0.05O, the unit-cell refinements have been
erformed using the UnitCell Program of Holland and Red-
ern [14] based on least-squares refinement of XRD reflections.
he lattice parameters of Zn0.95−xCo0.05AlxO are summa-
ized in Table 1. The cell parameters of Zn0.94Co0.05Al0.01O
Z
a
v
Fig. 2. TEM (a) and HRTEM (b) imagesn0.94Co0.05Al0.01O 3.2568 (14) 5.2175 (46) 13.5
n0.90Co0.05Al0.05O 3.2523 (3) 5.2077 (10) 1.48
nd Zn0.90Co0.05Al0.05O have different values from that of
n0.95Co0.05O, which means that Al ions may be incorpo-
ated into the ZnO matrix. Further investigations will be
one to confirm the substitution of Zn sites by Co ions. The
icrostructure and component of the samples were studied by
RTEM and EDS. Most of the particles are of the size ∼40 nm
Fig. 2(a)). Fig. 2(b) shows the lattice fringes of the single-phase
n0.90Co0.05Al0.05O wurtzite structure. No precipitates or nan-
clusters were observed in the powder sample. EDS analysis
hows that there are no obvious variations in the molar ratio of
n:Co:Al among different crystallites.
Since X-ray diffraction is not always sensitive to small
mount of precipitates of secondary phase or clusters, the
alence state of Co atom in ZnO and local structure around
of nanosized Zn0.90Co0.05Al0.05O.
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dig. 3. (a) Normalized X-ray absorption coefficient for Zn0.90Co0.05Al0.05O and
f Fourier transformed XAFS from Co K-edge for Zn0.90Co0.05Al0.05O and Co
o were investigated for Zn0.95−xCo0.05AlxO by XAFS.
ig. 3(a) shows the normalized X-ray absorption coefficient
or Zn0.90Co0.05Al0.05O sample at Co K-edge. The refer-
nce spectrum of Co powders is also presented in Fig. 3(a),
hich is very different from that of Zn0.90Co0.05Al0.05O sam-
le. A typical Fourier transformed Co K-edge XAFS to r
pace of Zn0.90Co0.05Al0.05O is compared with pure ZnO
nd Co powders, as shown in Fig. 3(b). Other Al concentra-
ion doped samples show the same XAFS characteristics as
n0.90Co0.05Al0.05O. The first and second major peaks in the
adial distribution functions (RDFs) of the pure ZnO corre-
pond to the nearest oxygen and Zn atoms from the central
n atoms. Fig. 3(b) shows that the RDF results of ZnO and
n0.90Co0.05Al0.05O are very similar to each other. However,
he RDF results of Zn0.90Co0.05Al0.05O is completely different
rom that of Co, which indicates that the possibility of exist-
ng Co precipitates or clusters in Zn0.90Co0.05Al0.05O can be
xcluded.
Substitutions of cobalt cations in the tetrahedral sites of the
urtzite structure were also confirmed by XPS spectrum, ashown in Fig. 4. The binding energies were corrected for the
harging effect with reference to the C 1s line at 284.8 eV. The
o 2p3/2 and 2p1/2 core level were found to be at ∼780.8 and
796.4 eV, respectively, which is comparable to the results pre-
Fig. 4. Co 2p core-level XPS spectrum for Zn0.90Co0.05Al0.05O.
e
i
f
a
F
aence sample of Co powders at Co K-edge and room temperature. (b) Magnitude
les, and Zn K-edge for pure ZnO.
ented by Zhang et al. [7]. Corresponding satellite structures
r shaking up resonance transitions were obviously observed at
785.2 and ∼801.4 eV, respectively. The Co 2p3/2 peak posi-
ion is quite different from that of Co (∼778.3 eV) and Co2O3
∼779.9 eV), while similar to the value of CoO (∼781.2 eV).
owever, the energy difference between Co 2p3/2 and 2p1/2 core
evel for Zn0.90Co0.05Al0.05O is 15.6 eV, which is different from
he value of CoO, 14.97 eV [15]. The above results suggest that
o ions substitute the tetrahedral sites of the wurtzite struc-
ure without forming any detectable impurity phase such as Co,
o2O3, or CoO.
In order to confirm the existence and the creation of
ree carriers after Al doping we measured the resistance
f Zn0.94Co0.05Al0.01O and Zn0.90Co0.05Al0.05O pellets. The
esults are also shown in Table 1. Due to the diversity of the
esistivity mechanism, e.g., surface oxide, grain resistance, and
rain boundaries contribution [16], we compare the resistance
f the Al and Co codoped samples with a reference pellet of
n0.95Co0.05O. A significant decrease of the resistance in Al
oped pellets compared to Zn0.95Co0.05O is observed here. How-
ver, the resistance for Al-doped Zn0.95Co0.05O is still so high
n the giga magnitude, which means the low concentration of
ree carriers.
Fig. 5 shows the magnetization of the Zn0.90Co0.05Al0.05O,
s a function of magnetic field, measured at room tempera-
ig. 5. Magnetization of the Zn0.90Co0.05Al0.05O as a function of field, measured
t 300 K.
5 nd C
t
A
t
a
l
w
r
t
d
t
l
m
c
i
i
a
i
4
s
m
X
i
c
a
C
A
f
g
n
R
[
[
[
[
[
[
of X-ray Photoelectron Spectroscopy, PerkinElmer, Eden Prairie,42 G. Pei et al. / Journal of Alloys a
ure. Similar to the magnetic properties of Zn0.95Co0.05O, all
l doped samples show no RT ferromagnetism. The magnetiza-
ion curve can be well fitted with a mixture of paramagnetism
nd antiferromagnetism. The paramagnetism corresponds to iso-
ated Co ions, while the antiferromagnetism is due to Co ions
hich couple antiferromagnetically through oxygen atoms. Fer-
omagnetism in dilute magnetic semiconductors is considered
o originate from the exchange interaction between free carrier
elocalized carriers (holes or electrons) and localized d spins on
he TM ions [12]. Therefore, the presence of free carriers and
ocalized d spins is a prerequisite for the appearance of ferro-
agnetism [17]. From above resistance measurements, the free
arriers concentration created in Zn0.95Co0.05O after Al dop-
ng is still too low to mediate the magnetic orders. And the Co
ons are antiferromagnetic coupled to each other. Therefore, this
ntiferromagnetic behavior may be attributed to the isolated Co
ons.
. Conclusion
Nanocrystalline Co- and Al-codoped ZnO dilute magnetic
emiconductors have been prepared by an auto-combustion
ethod. As evidence from the results of HRTEM, EDS and
PS analyses, Co ions substitute the Zn sites without chang-
ng the wurtzite structure. The resistance of Zn0.95Co0.05O was
learly reduced after Al doping. However, paramagnetic and
ntiferromagnetic properties were both observed in the Al- and
o-codoped samples.cknowledgement
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